During the early Paleogene, climate in continental interiors is thought to have been warmer and more equable than today, but estimates of seasonal temperature variations during this period are limited. Global and regional climate models of the Paleogene predict cooler temperatures for continental interiors than are implied by proxy data and predict a seasonal range of temperature that is similar to today. Here, we present a record of summer temperatures derived from carbonate clumped isotope thermometry of paleosol carbonates from Paleogene deposits in the Bighorn Basin, Wyoming (United States). Our summer temperature estimates are ~18 °C greater than mean annual temperature estimated from analysis of fossil leaves. When coupled, these two records yield a seasonal range of temperature similar to that in the region today, with winter temperatures that are near freezing. These data are consistent with our high-resolution climate model output for the Early Eocene in the Bighorn Basin. We suggest that temperatures in continental interiors during the early Paleogene greenhouse were warmer in all seasons, but not more equable than today. If generally true, this removes one of the long-standing paradoxes in our understanding of terrestrial climate dynamics under greenhouse conditions.
INTRODUCTION
Fossil leaves and oxygen isotope data suggest that mean annual temperature (MAT) in the Bighorn Basin, in northwestern Wyoming (United States), was 6-19 °C warmer during the early Paleogene (ca. 58-50 Ma) than today (Fricke and Wing, 2004; Greenwood and Wing, 1995; Wing et al., 2000 Wing et al., , 2005 . In addition, frost-intolerant species in fossil fl oras indicate that winter temperatures in the western United States were rarely below freezing (Greenwood and Wing, 1995) . These data, along with quantitative estimates of seasonal temperatures (e.g., cold month mean temperature [CMMT] and warm month mean temperature [WMMT] ) and mean annual range of temperature (MART), were used to argue that under past greenhouse climates, conditions in continental interiors were more equable (i.e., higher MAT and reduced MART) than at present (e.g., Greenwood and Wing, 1995) .
Climate models at both global and regional scales yield MAT estimates lower than proxy data, and they rarely generate CMMT above freezing in the western United States (Sewall and Sloan, 2006; Sloan and Barron, 1990; Thrasher and Sloan, 2009; Winguth et al., 2010) . While regional climate models offer a closer match of MAT estimates to proxy data than do global models, all models estimate MART in a range similar to modern. This mismatch suggests either that the proxy data estimates for seasonal temperatures (and thus MART) are wrong, or that the models are missing a component in their simulated climate dynamics, or some combination of both (Huber, 2008) .
While the view that warm climates are associated with equable continental interiors persists, we currently have a poor understanding of seasonal temperatures in these regions in hothouse worlds such as the early Paleogene. Physiognomic approaches used to estimate seasonal temperatures from fossil leaves have been questioned on statistical and methodological grounds (e.g., Jordan, 1997; Wilf, 1997) . In addition, fl oral and faunal assemblages place a lower bound on winter temperature, but they do not constrain the upper bound of winter warming. Finally, MAT offers limited information on the climatic response to globally warm conditions, because higher MAT may result from different combinations of changes in seasonal temperatures. Thus, reliable estimates of seasonal temperatures are needed to improve our understanding of greenhouse climate dynamics in continental interiors.
To our knowledge, there are no estimates of summer temperatures for continental interiors during the Paleogene; such data could test whether higher MAT was a function of higher winter temperature alone, or instead refl ected increases in both winter and summer temperatures, perhaps maintaining modern MART. Here, we present estimates of summer temperature for the Bighorn Basin from carbonate "clumped isotope" (Δ 47 ) thermometry (Ghosh et al., 2006) of paleosol carbonates, and estimates of diagenetic temperatures from Δ 47 thermometry of bivalve fossils. Further, we present highresolution regional climate model results that are the fi rst to fully resolve the Bighorn Basin from the surrounding highlands.
METHODS

Carbonate Clumped Isotope Thermometry
Paleosol carbonate nodules and bivalve fossils were previously collected from the Bighorn Basin for stable carbon and oxygen isotope analysis (Tables DR1 and DR2 in the GSA Data Repository 1 ; Bowen et al., 2001; Koch et al., 1995 Koch et al., , 2003 . Isotope values are reported as δ 13 C and δ
18
O values relative to Peedee belemnite (PDB) for minerals and standard mean ocean water (SMOW) for waters. We selected a subset of these paleosol carbonate and bivalve samples that ranged in age from 56.7 to 53.0 Ma. We used optical and cathodoluminescence petrography to identify primary, secondary, and diagenetically altered features in the samples. We generated Δ 47 (clumped isotope) temperatures from primary and diagenetic materials within our samples in order to fully characterize the range of surfi cial and burial conditions to which our samples were exposed (see the Data Repository).
Climate Model
We used the regional climate model RegCM3 (Pal et al., 2007) as a one-way nested model to generate high-resolution temperature and precipitation data (10 km horizontal resolution) for the Bighorn Basin under Early Eocene climatic conditions. The boundary and initial conditions for this scenario come from a regional climate model experiment in Thrasher and Sloan (2009) (see the Data Repository).
RESULTS AND INTERPRETATION
Assessing Alteration
Based on textural and isotopic data, the mi critic sections of the paleosol carbonate nodules (hereafter "paleosol micrites") appeared unaltered and most likely to preserve Earth surface temperatures. One nodule was pervasively recrystallized, and the void-fi lling spars *E-mail: ksnell@caltech.edu.
Hot summers in the Bighorn Basin during the early Paleogene O values have also been compromised (see the Data Repository).
Δ 47 temperatures from paleosol micrites range from 27 to 45 °C ( Fig. 2 ; Table DR4 ). These temperatures increase from the Late Paleocene through the Paleocene-Eocene boundary, coinciding with the inferred rapid global warming event known as the Paleocene-Eocene Thermal Maximum (PETM) (Bowen et al., 2001; Koch et al., 2003) . Paleosol micrite temperatures then drop to near pre-PETM levels and remain low until 53.5 Ma, after which they increase into the Early Eocene Climatic Optimum (EECO) (Fig. 2) . This pattern is broadly consistent with the pattern of temperature change implied by MAT estimates for the Bighorn Basin during the early Paleogene from Fricke and Wing (2004) and Wing et al. (2000 Wing et al. ( , 2005 (Fig. 2) . The exception to this is the discrepancy at 55.0 Ma, which may partly refl ect the stratigraphic range from which the fl oras for this particular MAT estimate were collected (Wing et al., 2000) . The Δ 47 record is consistently ~18 °C higher than the MAT record.
The high temperatures derived from paleosol micrites relative to the MAT record are intriguing and require explanation. They may refl ect an unrecognized diagenetic overprint that cryptically infl uences the micritic textures. While it is diffi cult to entirely disprove this hypothesis, the correspondence between the stratigraphic variations in our Δ 47 temperature record and the independent regional and global records of climate (i.e., the PETM and EECO) argue against this interpretation.
Source of Bias Toward Warm Temperatures
Δ 47 temperatures from modern soil carbonates at midlatitudes refl ect warm-season temperatures (Passey et al., 2010; Quade et al., 2011) , and thus Δ 47 temperatures from paleosol micrites generally do not refl ect MAT. This warm-season bias might result from some or all of three factors: (1) season of soil carbonate formation, (2) extent of radiant heating of the ground in excess of air temperature, and (3) depth within the soil (Breecker et al., 2009; Passey et al., 2010; Quade et al., 2011) .
Temperature, timing of meteoric precipitation (e.g., seasonal, daily, and episodic patterns), and the partial pressure of soil CO 2 (pCO 2 ) affect the solubility of calcite in a soil and thus the timing of carbonate formation. Seasonality of precipitation is important because wet cycles promote transport of Ca 2+ from the surface, while dry cycles increase the concentration of Ca 2+ and (CO 3 ) 2− in soil water (Breecker et al., 2009) . Therefore warm, dry conditions with low soil pCO 2 are most favorable for formation of pedogenic carbonate (Breecker et al., 2009 ). Mottling and slickensides in Bighorn Basin paleosols suggest seasonal wetting and drying (Bown and Kraus, 1981) . Output from regional Paleogene paleoclimate models of western North America suggests that precipitation occurred dominantly during the summer (Fig. 3; Figs. DR3 on February 7, 2013 geology.gsapubs.org Downloaded from and DR4; Table DR7 ) (Sewall and Sloan, 2006) . If so, the plant-growing season was biased toward summer, which would cause relatively high soil pCO 2 . Soil pCO 2 decreases during dry periods in the growing season, however, because moisture stress reduces plant productivity and CO 2 diffuses faster out of drier soils (Breecker et al., 2009; Hirano et al., 2003) . Our model output suggests that precipitation was episodic, with hiatuses of days to weeks between precipitation events (Fig. DR4) . We suggest that the combination of high summer temperatures (which reduces the solubility of calcite) and episodic precipitation allowed soil carbonate to form during the summer, especially during the warm, dry periods between storm events. Recent work on modern soil carbonates suggests this is generally true in arid, midlatitude environments (J. Quade, 2012, personal commun.) .
Depth of carbonate formation in a soil may also impart bias in Δ 47 records. High in the soil profi le, soil temperature responds to short-term variations in air temperature, but this shortterm variation attenuates to the MAT at depths >200 cm (Hillel, 1982) . Our paleosol carbonate samples were collected from depths of ~50-100 cm (see the Data Repository). Therefore, the shallow depths of the samples, if combined with the implied strong summer bias and episodic style of precipitation, suggest that these paleosol carbonates refl ect summer temperatures rather than MAT.
Finally, soil temperature may be higher than surface air temperature due to radiant ground heating. Clumped isotope temperatures from modern soil carbonates in warmer climates and at soil depths similar to our samples refl ect summer maximum temperatures (Quade et al., 2011; J. Quade, 2012, personal commun.) . If we use ~50-100 cm as the range of soil depths at which our samples formed, and apply a correction based on the difference between Δ 47 temperatures from modern soil carbonates and monthly maximum air temperatures (Quade et al., 2011; J. Quade, 2012, personal commun.) , then our Δ 47 temperatures imply monthly maximum air temperatures of ~31-35 °C (see Data Repository). This range overlaps with the lower end of the warmest month mean of the maximum daily temperatures (WMMmaxT) from our climate model ( Fig. 2; Table DR7 ). Thus it appears that our Δ 47 temperatures refl ect temperatures during the warmest part of the summer, and are likely ~3-5 °C higher than the WMMT.
Implications of Seasonal Temperatures
If paleosol micrite temperatures do refl ect summer temperature, we can combine these values with the paleobotanical MAT estimates to estimate MART as well as winter temperatures for the Bighorn Basin during the Early Eocene. We calculated MART as twice the difference between MAT and the Δ 47 summer temperature, and calculated winter temperature as the summer temperature minus MART. Different univariate regressions are available for calculating MAT from leaf margin data (Table DR8) , and soil temperature may refl ect WMMmaxT rather than WMMT ( Fig. 2 ; Table DR9 ). Thus, we estimated minimum seasonality by calculating a "maximum" MAT estimate from an alternative leaf margin regression (Kowalski and Dilcher, 2003) , and by reducing our paleosol carbonate Δ 47 temperatures by 5 °C to convert our Δ 47 temperatures from WMMmaxT to WMMT. For maximum seasonality, we calculated a "minimum" MAT estimate using the regression of Peppe et al. (2011) and used the paleosol carbonate Δ 47 records (as measured) as WMMT ( Fig. 2 ; Table DR9 ).
This approach yields MART estimates that range from 18 to 39 °C (Table DR9) . Within this wide range we argue that a narrower, more plausible estimate of MART (26 ± 2 °C; Fig. 2D ) can be calculated by assuming a MAT calibration in the middle of the paleobotanical calibrations (similar to the Wolfe, 1979, regression) and by correcting the carbonate clumped isotope data for 5 °C of temperature amplifi cation from radiant ground heating, a value that (for the reasons discussed above) appears to be typical of midlatitude modern soils (Quade et al., 2011; J. Quade, 2012, personal commun.) . A MART of ~26 °C yields a CMMT of ~4 °C, which is consistent with the paleobotanical inference for values at or above freezing (Fig. 2D) .
In addition to the match of our Δ 47 temperatures with WMMmaxT, our climate model results provide the best match to date with MAT estimates (Figs. 2 and 3 ; Tables DR7 and  DR9 ). Modeled CMMT matches well with our estimate of winter temperature from the combined proxy data sets, and both records are at or above freezing and therefore consistent with the minimum winter temperatures required to support the fl oral assemblages ( Figs. 2 and 3 ; Tables DR7 and DR9 ). Finally, the modeled MART of ~21-29 °C falls within the range we estimated from the proxy data and is similar to modern MART ( Fig. 2 ; Tables DR7 and DR9).
CONCLUSIONS
Estimates of summer temperatures from the Δ 47 values of paleosol micrites parallel the pattern of temperature change observed in MAT estimates from the early Paleogene in the Bighorn Basin. Importantly, both records match well with the output from our high-resolution regional climate model experiment and are consistent with the above-freezing winter temperatures inferred from paleobotanical assemblages. Our results suggest that the annual range of temperature was similar to modern rather than more equable. Thus, prior discrepancies between climate model output and proxy data for continental interiors under warm climates were a function of proxy data that were unable to estimate summer temperatures and climate models that underestimated temperatures overall (due in part to their low spatial resolution). These results imply a signifi cant revision to our understanding of greenhouse climates in continental interiors, but they offer a glimpse into only one place and time. Further work is needed to explore whether this fi nding holds generally under greenhouse conditions (e.g., the Late Cretaceous), which has important implications for our understanding of climate dynamics in the past. The approach taken here provides a template for future exploration of terrestrial seasonality.
